The photodetector based on double barrier AlAs/GaAs/AlAs heterostructures and a layer self-assembled InAs quantum dots and In 0.15 Ga 0.85 As quantum well (QW) hybrid structure is demonstrated. The detection sensitivity and detection ability under weak illuminations have been proved. The dark current of the device can remain at 0.1 pA at 100 K, even lower to 3.05 × 10 −15 A, at bias of −1.35 V. Its current responsivity can reach about 6.8 × 10
Introduction
Low dimensional nano-scaled III-V semiconductor is a promising candidate material for future high-performance electronics and optoelectronics, including high-mobility field-effect transistors (FETs), long-wavelength infrared photodetectors, and phototransistors [1] [2] [3] [4] [5] . Currently, there is great interest in exploring highly sensitive photodetector for potential applications in remote sensing, spectroscopy, and even air quality monitoring in industrial or medical and pro-environment detection. In order to approach the photon counting mode, the very high photoexcited carrier multiplication factor is a basic requirement [6, 7] . Recently, it has been demonstrated that resonant tunneling structure containing a layer of self-assembled quantum dots (QDs) may be used as a very high photoexcited carrier multiplication for low-light-level detection [8] [9] [10] [11] [12] .
In the present work we discuss peculiar photoelectric conversion characteristics in the double AlAs barrier, selfassembled InAs QDs, and In 0.15 Ga 0.85 As QW hybrid structure. When the detector is illuminated with an energy which exceeds GaAs band gap, the photoexcited electrons and holes are generated in the undoped GaAs layers on each side of two AlAs barriers. The photoexcited electrons drift or tunnel by bias toward the lower potential energy and eventually would be captured by the In 0.15 Ga 0.85 As QW. The similar process also occur to holes, except that holes drift on the opposite direction and are trapped in the InAs QDs. Due to the spatial separation of electrons and holes, as well as the additional in-plane localization provided by the QDs, the excess electrons and holes could be stored for enough long time. These photovoltaic effects in the wide GaAs quantum well should have each imprint on the photoelectric response. The electrons and holes trapped separately within the In 0.15 Ga 0.85 As QW and InAs QDs induce a potential which affects the tunneling characteristics [9, 10] . We can see that the trapped charge strongly affects the tunnel current of the detector which allows for the weak light detection.
The larger current oscillations appear when the detector is illuminated with a 633 nm He-Ne laser under certain conditions. It originates from quantized ballistic motion of photoexcited carriers and is qualitatively different from RTD [3] [4] [5] [6] [7] [8] [9] [10] . More than dozens of resonant peaks reveal regions of negative differential conductance in the photocurrent as bias changed from −2 V to 2.5 V and about 100 K temperature. The quantum oscillation appears with typical peak-to-peak voltage interval Δ pp ≈ 100 mV. The electron (and hole) energy levels confined with high quantum numbers successively 
Device Test
The photodetector was grown by MBE on an + -type (1 0 0) GaAs substrate; a typical layer structure consists of a 1 m thick Si-doped (10 18 cm −3 ) GaAs buffer layer at the bottom, an undoped 30 nm GaAs spacer, a 25 nm AlAs barrier, a 3 nm GaAs interlayer, a 6 nm In 0.15 Ga 0.85 As QW, a 45 nm GaAs wide well, 1.8 ML self-assembled InAs QD layer, a 5 nm GaAs overlayer, and the second 25 nm AlAs barrier. On the top, 30 nm undoped GaAs and 30 nm Si-doped (10 18 cm −3 ) GaAs were deposited as the capping layer. Ohmic contacts were made both on the top and at the bottom of the detector meanwhile. A rectangular aperture (50 × 500 m 2 ) was left on the top surface for optical access [10, 13] . The band diagram profile of the detector along its epitaxial growth direction is shown in Figure 1 .
The 633 nm He-Ne laser beam with 50 m diameter was focused on the photosensitive window of the detector. When the bias is at ±1.7 V, the electric field reaches 1 × 10 7 V/m and the photoexcited electrons and holes are generated in the undoped GaAs layers on each side of the AlAs barriers. The photocurrent-voltage curves of the detector can be recorded by Keithley 4200-SCS. Figure 2 shows the I-V characteristics at incidence light power changing from 0.1 picowatt (pW) to 100 nanowatt (nW). When the bias voltages range from below +1 V to −1.5 V reverse biases, the dark current remains 0.1 pA although the active area is very large (50 × 500 m 2 ). When the detector is biased at −1.35 V, the minimum dark current is only 3.05 × 10 −15 A. We can still see when the light power exceeds 40 pW, the oscillatory photocurrent occurs at bias voltages ranging from −2 V to 2.5 V. The oscillatory amplitude also decreases substantially when the bias exceeds 2.5 V or is lower than −2 V. The oscillatory characteristic disappears when light power decreases lower than 40 pW and exceeds 100 nW at bias voltage of −0.6 V.
We can see a reverse bias current valley shifted which changed with illumination power as shown in Figure 2 . And the valley shifted more evident as stronger illumination. It represents that the photoexcited holes trapped in the QDs lead to the energy bands downward shift localized, such that a lower bias is required for the detector to reach the large tunneling current [1] [2] [3] [4] [5] [6] [7] . Figure 3 shows the higher responsivity of the detector at low-light-level illumination. The current responsivity is larger than 6.8 × 10 5 A/W when 633 nm light power with 1 pw at −3 V bias is employed. Because an idea quantum efficiency = 1, the spectral response =633 nm is expected to be 0.51 A/W according to [14] = /
The gain of the detector can be estimated at least 1.3 × 10 6 . Further, the ratio of the photocurrent versus the dark current can be calculated as shown in Figure 3 . When the detector is biased at −1.35 V, the minimum dark current can be gained and then the magnitude of the photocurrent versus the dark current is the largest at this moment. Figure 4 plots the photocurrent spectra of the detector at 77 K using Bruker FITR Vertex 80 V. The detector shows a good response in the spectral range from 550 nm up to over 930 nm. The photocurrent peak at 818 nm is from the GaAs bulk layer, while the peaks at 873 nm and 925 nm should be attributed to the In 0.15 Ga 0.85 As QW and InAs QDs. By the photocurrent spectra, we estimated that the current responsivity at ∼925 nm is dozen times more than 633 nm and thus potentially provides even higher sensitivity. The result indicates that it is a promising detector for sensitive visible to near-infrared imaging applications.
Analysis
3.1. Sensitivity. According to Figure 1 , a simple model is presented for the detector with one layer of InAs QDs and thin In 0.15 Ga 0.85 As QW embedded at distances dot and well from one side of AlAs barrier. The QDs layer width is neglectful for simplicity, such that QDs spatial distribution and narrow QW can be modeled by means of a delta function.
Poisson's equation with the boundary conditions is as follows [15, 16] :
The charge density in the right-hand side of Poisson's equation consists of three components:
is the constant charge density of ionized impurity; dot and well are the charge density accumulating in QDs and In 0.15 Ga 0.85 As QW, respectively. The solution of (2) can be obtained by boundary conditions shown in (3) and (4):
At a larger negative bias, the photoexcited electrons will drift or tunnel toward the side of the lower potential energy and eventually would be captured by the In 0.15 Ga 0.85 As QW. The photoexcited holes will drift on opposite direction and be trapped in the InAs QDs. At weak illumination, the QDs and QW layer make little effect on the potential profile because of the very low dot and well . As the laser intensity increases, the photoexcited electron-hole pair increases, which means dot and well become larger, and induces Δ photovoltaic effect near the dots, as = 0:
As the negative bias decreases, the InAs dots capture more holes and the potential near the dots is pulled down gradually. The In 0.15 Ga 0.85 As QW captures more electrons and the potential near the QW is pulled up. Such a large Δ is enough to increase voltage drop of AlAs barrier. That will influence the tunneling process through the AlAs barrier. The higher photosensitivity of the detector indicates a long dwell time of a photoexcited hole following capture at one of the dots. Under appropriate bias voltage, the average electric field in the active region (120 nm wide) of the detector is 10 7 V/cm. Assuming that the mobility of electron and hole is 8000 cm 2 /V⋅s and 400 cm 2 /V⋅s, respectively, their transit times are correspondingly about 1 × 10 −14 s and 1 × 10 −13 s, which is on a much shorter time than the electron-hole recombination time of about 1 × 10 −9 s [10, 15, 16] . Since the transition time is about four orders of magnitude shorter than the electron-hole recombination time, it allows a very high multiplication in detector. At a larger positive bias, the photoexcited electrons will be captured by the InAs QDs and 4 Advances in Condensed Matter Physics the photoexcited holes will drift on the opposite direction and be trapped in the In 0.15 Ga 0.85 As QW.
For stronger confined ability of QDs compared to QW, the InAs dots capture more holes at negative bias than In 0.15 Ga 0.85 As QW at positive bias, and it can get higher detector responsivity in reverse bias.
Current Oscillations.
Under lower level photoexcitation, the space charge density induced by the photoexcited carriers is relatively small. We assume a constant electric field in the intrinsic regions on each side of the barrier layer. We can model for carrier quantization in the formed potential wells by using analytical solutions of the Schrödinger equation at an infinite triangular quantum well. The quantization energies and eigenfunctions ( ) due to the component of the carrier motions are given by [12] 
The photoexcited electrons occupy the quantized energy subbands of the triangular potential well. They are influenced by low dimensional quantum effects. The energy of carriers in each subband is given by [12] = ( ℏ
The eigenfunctions ( ) are given by Airy functions:
Energy level spacing of carriers in each subband is given by
At appropriate bias voltage, an excited state subband with quantum number and energy reaches the top of the triangular quantum well and joins the continuum state of extended electrons above (and below) the conduction (and valence) band edge in the doped electrodes. The voltage interval − +1 , over successive ( + 1)th and th levels, reaches the ionization energy, and it can then be estimated and compared with the measured voltage interval Δ pp between the peaks of the photocurrent.
As electric field increasing, the Airy function state of a particular hole approaches the top of its triangular potential well and its wave function increasingly overlaps with the high density of majority electrons in the doped n-GaAs electrode. The overlap increases the recombination rate of the photoexcited holes in the th subband, thus reducing their contribution to the photocurrent by tunneling through the AlAs barrier. As the voltage varies, successive Airy function energy levels approach the top of the triangular potential well and join a continuum state of extending the unbounded states in the GaAs conduction band. Hence the competition between tunneling and the bias-dependent modulation of the recombination rate repeats itself, which gives rise to the observed oscillatory photocurrent [12, [17] [18] [19] [20] .
In addition, the detector may be analogous to N-I-N structure. The photoexcited electrons overlap between the tails of their wave functions and the minority holes in the n-doped layers are very small. The electrons recombination rate with minority holes in the n-GaAs layer is too low to modulate the photocurrent.
As the light power decreases lower than 40 pW as shown in Figure 2 , the space charge density induced by the carrier density photoexcited is very small. The recombination current is too low to modulate the photocurrent. This leads to no observation of photocurrent oscillations.
As photoexcitation range changed from 40 pW to 100 nW, the oscillatory amplitude decreases evidently when bias voltage exceeds 2.5 V or becomes lower than −2 V. At higher bias the highest energy states in the triangular potential well are no longer confined by the AlAs barrier so the photocurrent increases rapidly. We note that carriers scattering at the heterointerface between the QD and the surrounding AlAs matrix strongly affects the radiative recombination of photoexcited carriers. A possible explanation for the oscillatory effect is that the QD layer gives rise to a scattering potential which enhances the elastic scattering-assisted tunneling [12] .
It is also interesting to note that photocurrent oscillates at bias voltages that range from −0.6 V to 2.5 V and disappears at −0.6 V negative bias whose higher photoexcitation state is ∼100 nW. The photoexcited electron-hole pairs induce larger Δ photovoltaic changed, so the tunneling current increases rapidly and the recombination current is too low to modulate the photocurrent.
64-Pixel Line Readout
To read out the weak light response, a 1 × 64 array readout circuit and an on-chip integrated system for data processing with low noise and high precision are designed. Figure 5 is the readout response voltage of the 64-pixel line with laser beam power at ∼1 nw, the integration time 29 s, and indoor temperature. Due to the working point of inconsistencies for some pixels, their readout voltage is saturated and premature. The inset shows the response voltage of the most normal pixel. The response voltage is changed in approximate linear when the light power changed from 10 pw to 100 pw. The response voltage is 27 mV at 10 pw illumination beam power and 35 s integration time. The voltage responsivity reaches about 2.7 × 10 9 V/W.
Conclusion
We have measured and analyzed the photoelectric characteristics of the AlAs/GaAs/AlAs double barrier structure photodetector, which contains a layer of self-assembled InAs QD and thin In 0.15 Ga 0.85 As QW in AlAs double barriers. The higher sensitivity is caused by the charge effect of the photoexcited holes and electrons captured by surrounding QDs and In 0.15 Ga 0.85 As QW, respectively. The oscillations appear when the detector is illuminated with 633 nm He-Ne laser beam at certain bias and incidence. The competition between tunneling and the bias-dependent modulation of the recombination rate repeats itself giving rise to the oscillatory photocurrent observed. Further, we find the photocurrent tails up to 930 nm wavelength with high sensitivity. The readout results demonstrate that the photodetector shows good sensitivity when light power (633 nm) is as low as 10 pW at indoor temperature.
